The influence of large-scale flow regimes on cool-season (November-April) northeastern U.S. (Northeast) precipitation is investigated for the period 1948-2003 from statistical and synoptic perspectives. These perspectives are addressed through (i) a statistical analysis of cool-season Northeast precipitation associated with the North Atlantic Oscillation (NAO) and Pacific-North American (PNA) regimes (one standard deviation or greater NAO or PNA daily index anomalies persisting several days), and (ii) a composite analysis of the synoptic signatures of major (two standard deviation) 24-h cool-season Northeast precipitation events occurring during NAO and PNA regimes. The statistical analysis reveals that negative PNA regimes are associated with above-average cool-season Northeast precipitation and an above-average frequency of light and moderate precipitation events, whereas the opposite associations are true for positive PNA regimes. In comparison with PNA regimes, NAO regimes are found to have relatively little influence on the amount and frequency of cool-season Northeast precipitation. The composite analysis indicates that a surface cyclone flanked by an upstream trough over the Ohio Valley and downstream ridge over eastern Canada and upper-and lower-level jets in the vicinity of the Northeast are characteristic signatures of major cool-season Northeast precipitation events occurring during NAO and PNA regimes. Negative NAO and positive PNA precipitation events, however, are associated with a more amplified trough-ridge pattern and greater implied Atlantic moisture transport by a low-level jet into the Northeast than positive NAO and negative PNA precipitation events. Furthermore, a signature of lateral upper-level jet coupling is noted only during positive and negative PNA precipitation events.
Introduction
The tendency for certain extratropical large-scale flow regimes to recur is documented extensively in the literature. Such regimes include high-and low-index flows (Rossby 1939; Rossby and Willett 1948; Namias 1950) , blocking (Rex 1950a,b; Pelly and Hoskins 2003) , persistent circulation anomalies (Dole and Gordon 1983; Dole 1986; Branstator 1995) , teleconnection patterns, such as the North Atlantic Oscillation (NAO; Walker and Bliss 1932; Wallace and Gutzler 1981; Barnston and Livezey 1987; Feldstein 2003) and the Pacific-North American (PNA) pattern (Wallace and Gutzler 1981; Barnston and Livezey 1987; Feldstein 2002) , and annular modes of low-frequency variability such as the Arctic Oscillation (AO; Thompson and Wallace 1998, 2000) /Northern Hemisphere (NH) Annular Mode (NAM; Wallace 2000) . Following landmark studies on extratropical NH teleconnections by Wallace and Gutzler (1981) and Barnston and Livezey (1987) , recent research has shown that the NAO/AO/NAM and the PNA pattern explain a significant amount of the low-frequency variance of geopotential height (or height), streamfunction, and sea level pressure (SLP) fields in the extratropical NH (Quadrelli and Wallace 2004) and exert a powerful influence on regional climates (e.g., Leathers et al. 1991; Hurrell 1995; Notaro et al. 2006) .
The NAO consists of a north-south-oriented dipole of opposing SLP or midlevel height anomalies over the North Atlantic Ocean and manifests as an alternation between an anomalously strong and anomalously weak North Atlantic jet stream (the positive and negative phases of the NAO). The related AO/NAM is an annular mode of NH low-frequency variability that includes a third anomaly center over the North Pacific Ocean in addition to the North Atlantic NAO anomaly dipole. In addition to influencing the strength and location of the jet stream over the North Atlantic and North Pacific, the AO/NAM impacts the atmospheric mass distribution in the NH extratropics and polar region. Despite conceptual differences between the NAO and AO/NAM, time series of daily indices measuring their strengths are highly correlated (Deser 2000; Ambaum et al. 2001; Feldstein and Franzke 2006) because of the overlap of their domains and some similarity in their definition.
The PNA pattern, another important teleconnection pattern in the extratropical NH, is a stationary Rossby wave train-like pattern that originates in the tropical central Pacific and arcs along a great circle to the southeastern United States. During the positive PNA phase, midlevel height anomalies are positive near Hawaii and the intermountain region of North America and negative in the vicinity of the Aleutian Islands and the southeastern United States, corresponding to an anomalously strong jet stream over the eastern Pacific. During the negative PNA phase, the signs of midlevel height anomalies over the Pacific and North America are opposite those associated with the positive PNA phase and correspond to an anomalously weak jet stream over the eastern Pacific.
Recurrent large-scale flow regimes impact precipitation amount and frequency in some extratropical NH regions because they influence storm tracks and modulate the location and strength of moisture transport and convergence. During the positive NAO phase, the mean North Atlantic storm track parallels the eastern North American coastline before extending northeastward to near Iceland (Rogers 1990 ). This storm track and its associated moisture transport and convergence favor relatively wet conditions near the eastern U.S. coast and northern Europe, and relatively dry conditions across central and southern Europe (Hurrell 1995) . During the negative NAO phase, on the other hand, the mean North Atlantic storm track is more zonal (Rogers 1990) , favoring relatively wet conditions across central and southern Europe, and relatively dry conditions near the eastern U.S. coast and northern Europe (Hurrell 1995) . During the positive PNA phase, the mean storm track over eastern North America is farther equatorward than usual, enhancing precipitation over the Gulf Coast and southeastern United States and suppressing precipitation over the upper Mississippi and Ohio Valleys. Conversely, during the negative PNA phase, the mean storm track over eastern North America is farther poleward than usual, enhancing precipitation over the upper Mississippi and Ohio Valleys and suppressing precipitation over the Gulf Coast and southeastern United States (Leathers et al. 1991; Notaro et al. 2006) .
Building upon prior research linking recurrent largescale flow regimes to regional precipitation patterns in the extratropical NH, the present study examines the influence of large-scale flow regimes on cool-season precipitation in the northeastern United States (Northeast) from 1948 through 2003. This study consists of (i) a statistical analysis of cool-season Northeast precipitation during NAO and PNA regimes, and (ii) a composite analysis of synoptic signatures of the onset of major 24-h cool-season Northeast precipitation events occurring during NAO and PNA regimes. Because dynamical models are able to skillfully predict the daily phase and amplitude of the NAO and PNA pattern as much as 2 weeks in advance during the cool season (Johansson 2007) , it is anticipated that the results of this study will benefit forecasters making both short-and medium-range cool-season precipitation forecasts for the Northeast.
The methodology and datasets used in this study are described in section 2. A statistical analysis of coolseason Northeast precipitation anomalies during NAO and PNA regimes is documented in section 3. A composite analysis of synoptic-scale features at the onset of major cool-season Northeast precipitation events during NAO and PNA regimes is presented in section 4. The discussion and summary of the key findings follow in sections 5 and 6, respectively.
Data and methodology

a. Identification of NAO and PNA regimes
To identify NAO and PNA regimes objectively, daily NAO and PNA index times series are constructed for a 56-yr time period (1 January 1948 -31 December 2003 from the 2.5°ϫ 2.5°gridded 0000 and 1200 UTC National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996; Kistler et al. 2001 ) 500-hPa geopotential height fields. The domains used to compute daily NAO and PNA index time series are the same as those used by the National Oceanic and Atmospheric Administration (NOAA)/Earth System Research Laboratory (ESRL)/Physical Sciences Division (PSD). Figure 1 shows the two NAO domains-the north (N; 55°-70°N, 70°-10°W) and south (S; 35°-45°N, 70°-10°W) domains-and the four PNA domains-the Hawaii (HI; 15°-25°N, 180°-140°W), Alaska (AK; 40°-50°N, 180°-140°W), Pacific Northwest (NW; 45°-60°N, 125°-105°W), and southeastern U.S. (SE; 25°-35°N, 90°-70°W) domains.
Time series of daily area-weighted domain-averaged 500-hPa geopotential height are calculated for each of the two NAO and four PNA domains. The values of the domain-averaged 500-hPa geopotential height for each day in the time series are standardized [e.g., Wilks 2006, Eq. (3.21) , p. 47] by subtracting the 15-day-running long-term (i.e., 1948-2003) mean and then dividing by the corresponding 15-day-running long-term standard deviation. The standardized S domain time series is subtracted from the standardized N domain time series to create the standardized NAO index time series. To create the standardized PNA index time series, the standardized AK domain time series is subtracted from the standardized HI domain time series, and the standardized SE domain time series is subtracted from the standardized NW domain time series. The HI Ϫ AK time series is then added to the NW Ϫ SE time series. The NAO and PNA index time series are subsequently normalized by the standard deviations of the entire respective time series. This additional normalization ensures that the NAO and PNA index time series both have unit standard deviation (Wilks 2006, p. 49) , thereby facilitating the objective identification of regimes in the respective time series.
Although there is no universally accepted method for constructing daily NAO and PNA index time series, the NOAA/ESRL/PSD and the NCEP/Climate Prediction Center (CPC) both provide daily NAO and PNA index time series that are used operationally on a widespread basis. As in the present study, the ESRL/PSD and the CPC use 500-hPa geopotential height data obtained from the NCEP-NCAR reanalysis to construct their time series. At the ESRL/PSD, the NAO and PNA index time series are constructed by calculating differences between standardized daily 500-hPa geopotential heights for fixed domains that correspond to the centers of action of the NAO and PNA patterns. These centers of action are identified using rotated principal component analysis (RPCA; Barnston and Livezey 1987) . At the CPC, the NAO and PNA index time series are constructed by performing a least squares regression of the daily geopotential height field onto 10 seasonally varying teleconnection patterns, also identified using RPCA. The ESRL/PSD fixed domain method is chosen as the basis for the NAO and PNA index time series method used in this study because of its relative simplicity. Correlations between the teleconnection index time series generated for this study and at the ESRL/ PSD are likely to be strong, but are not determined because of the lack of publicly available long-term ESRL/PSD time series. Despite major differences in methodology, strong correlations are found between the teleconnection time series generated in the present study and at the CPC: the NAO and the PNA time series correlation coefficients are 0.84 and 0.81, respectively, for the period 1 January 1950-31 December 2003.
Eight large-scale flow regimes, consisting of four individual and four combination regimes, are defined ob-FIG. 1. The domains of the NAO (N and S domains; shaded) and the PNA pattern (HI, AK, NW, and SE domains; not shaded) used to create the daily index time series.
jectively using daily NAO and PNA indices. 
b. Creation of a Northeast precipitation database
All precipitation data used in this research are obtained from the NCEP Unified Precipitation Dataset (UPD; Higgins et al. 2000) . This dataset contains 24-h (1200-1200 UTC) precipitation amounts over a 56-yr period (1 January 1948 -31 December 2003 for the region bounded by 20°-60°N, 140°-60°W. The UPD is gridded on a 0.25°ϫ 0.25°mesh, and integrates NOAA first-order station precipitation measurements, daily cooperative observation measurements, and National Weather Service (NWS) River Forecast Center data.
A time series of daily Northeast precipitation anomalies is created as follows. (i) The average 24-h precipitation amount for the area bounded by the Canadian-U.S. border, the west Atlantic coast, 80°W, and 38°N (Fig. 2) is computed for each 1200-1200 UTC period between 1 January 1948 and 31 December 2003. (ii) Because the distribution of these precipitation data exhibits a strong positive skew (not shown), a power transformation is applied to make the precipitation distribution symmetric [Wilks 2006, Eq. (3.18a), p. 43] . Application of this transformation consists of raising each domain-averaged 24-h precipitation amount in the time series to a power ; a value of equal to 0.19 is found to generate a nearly symmetric distribution. (iii) A standardized Northeast precipitation anomaly is computed for each 24-h period in the dataset by subtracting the running 7-day long-term mean of the transformed precipitation amount and dividing by the corresponding 7-day standard deviation. A statistical assessment of daily Northeast precipitation anomalies as a function of the spatial extent of the Northeast domain (not shown) suggests that the precipitation anomaly time series used in this study is relatively stable with respect to the spatial extent of the Northeast domain.
In this study, a 24-h Northeast precipitation event is categorized as major if the event is associated with a standardized 24-h Northeast precipitation anomaly of at least ϩ2.0. A major Northeast precipitation event is considered a significant snow event if at least a 25-cm snowfall was recorded on the onset date of the event at one or more of the 32 first-order stations within the domain defined in Fig. 2 . The daily snowfall data are obtained from the NOAA/National Environmental Satellite, Data, and Information Service/National Climatic Data Center Climatological Data monthly publications (information available online at http://www7. ncdc.noaa.gov/IPS/index.jsp).
c. Construction of composite analyses
To show the synoptic signatures of the onset of major cool-season Northeast precipitation events occurring during various large-scale flow regimes, combinations of composite variables are calculated from the NCEP-NCAR reanalysis. Composite fields of 300-, 500-, and 850-hPa geopotential height, 300-and 850-hPa wind speed, 1000-500-hPa thickness, 700-hPa absolute vorticity, and SLP are calculated from data valid at the onset time (i.e., 1200 UTC) of the major precipitation events. In contrast, composite fields of 500-hPa geopotential height departures with respect to climatology [i.e., a 15-day-running long-term (i.e., 1948-2003) mean], 500-hPa vertical motion, and column-integrated precipitable water (PW) are calculated from daily averaged NCEP-NCAR reanalysis data valid for the onset dates of the major precipitation events. Daily averaged data are used to calculate composite fields of 500-hPa geopotential height departures from climatology and PW because of the lack of availability of highertemporal-resolution data, and to calculate composite fields of 500-hPa vertical motion to obtain relatively smooth plots of vertical motion. Statistical significance of 500-hPa geopotential height departures from climatology is evaluated using a two-sided Student's t test (see, e.g., Wilks 2006, section 5.2.1, p. 139), which gives the probability that the composite 500-hPa geopotential height differs significantly from climatology.
A subjective comparison of 500-hPa geopotential height and SLP for all composite precipitation events with the individual cases constituting the composites finds that each composite case represents the individual cases in the composite reasonably well. It should be noted, however, that although compositing individual cases allows characteristic features of certain types of precipitation events to be identified, the smearing of features implicit in the compositing procedure indicates that mean intensities of features such as surface cyclones and upper-level jet streaks cannot be as reliably inferred (e.g., Lackmann et al. 1996; Sisson and Gyakum 2004) .
Statistical analysis
The influence of various large-scale flow regimes on cool-season Northeast precipitation is assessed by calculating a composite cool-season Northeast precipitation anomaly associated with each of the four individual regimes and four combination regimes. The composite precipitation anomaly of each regime is obtained by averaging the precipitation anomalies of all cool-season days falling within each regime category (see Table 1 for the number of days in each regime category). The precipitation anomalies, shown in Fig. 3 , reveal that cool-season Northeast precipitation tends to be above average during negative PNA regimes, and is most above average during the combination positive NAOnegative PNA regimes. Conversely, cool-season Northeast precipitation tends to be below average during cool-season positive PNA regimes, and is most below average during the combination negative NAOpositive PNA regimes. In contrast to PNA regimes, positive and negative NAO regimes are found to be associated with close-to-average cool-season precipitation.
To explore how Northeast precipitation-large-scale regime relationships vary throughout the cool season, precipitation anomalies associated with the four individual large-scale regimes are calculated for each coolseason month and displayed in Table 2 . Results indicate that relationships between large-scale regimes and Northeast precipitation presented in Fig. 3 are relatively consistent throughout the cool season. It is found that negative PNA regimes are associated with aboveaverage Northeast precipitation during all cool-season months, with the strongest associations found for February-April. Positive PNA regimes are associated with below-average precipitation for December-March, with the strongest associations found for February and 
March. For the NAO regimes, precipitation is generally close to average throughout the cool-season months, with an exception noted for February-April, when Northeast precipitation tends to be below average during negative NAO regimes.
To obtain information about the frequency of Northeast precipitation events of varying magnitudes as a function of large-scale flow regime, the frequency distributions of 24-h cool-season Northeast precipitation anomalies associated with the four individual regimes, as well as frequency differences from cool-season climatology, are constructed and presented in Fig. 4 . Consistent with Fig. 3 and Table 2 , Fig. 4 The percentage of days in the 56-yr dataset meeting the major cool-season Northeast precipitation event criteria during each of the individual large-scale regimes is computed and compared to the overall coolseason frequency in order to quantify the frequency of major cool-season Northeast precipitation events during the regimes. During positive NAO regimes, 3.1% of all cool-season days are associated with major Northeast precipitation events, a frequency that is slightly greater than the climatological frequency of 2.4% of cool-season days. During positive and negative PNA regimes, major cool-season Northeast precipitation events occur on 2.3% and 2.2% of cool-season days, respectively, whereas during negative NAO regimes, major precipitation events occur on 1.7% of coolseason days. Doubt is cast on the robustness of the slight departures from the climatological frequency of major cool-season Northeast precipitation events associated with NAO regimes, however, by results presented in Fig. 3 and Table 2, indicating that statistical relationships between cool-season Northeast precipitation and NAO regimes are weak.
To provide a complementary perspective on relationships between extreme cool-season Northeast precipitation and the large-scale flow pattern, standardized daily NAO and PNA indices are plotted as a function of the 24-h Northeast precipitation anomalies for the top-50 24-h cool-season Northeast precipitation events (ranked by precipitation anomaly relative to climatology) between 1948 and 2003 (displayed in Fig. 5 ). Inspection of Fig. 5a suggests a tendency for the NAO to be in a positive phase during extreme cool-season Northeast precipitation events, with a positive NAO phase observed for 39 of 50 events (78%). Of the top events, eight are found to occur during positive NAO regimes, and four during negative NAO regimes. The average daily NAO index during the top-50 precipitation events is ϩ0.53, a value that is statistically significant at the 99% confidence level as determined by a two-sided Student's t test. A weaker tendency for the PNA pattern to be in a positive phase during extreme cool-season Northeast precipitation events is suggested by Fig. 5b , with a positive PNA phase observed for 30 of 50 events (60%). Of the top events, five are found to occur during positive PNA regimes, but six are found to occur during negative PNA regimes. The average PNA index during the top-50 precipitation events is ϩ0.23, a value that is statistically significant at only the 85% confidence level as determined by a two-sided Student's t test.
The statistical results suggesting a tendency for both the NAO and the PNA pattern to be in a positive phase during extreme cool-season Northeast precipitation events are supported by a composite analysis of the onset of the top-50 24-h cool-season Northeast precipitation events (not shown). Consistent with the wellknown characteristics of the positive phases of the NAO and the PNA pattern, the composite analysis displays an anomalously strong North Atlantic jet stream, and an amplified upper-level ridge and trough over the western and eastern United States, respectively.
Composite analysis
In section 3, PNA regimes were shown to influence the amount of cool-season precipitation received in the Northeast (Fig. 3, Table 2 ), as well as the frequency of Northeast precipitation events of varying magnitudes (Fig. 4) . The present section explores the influence of NAO and PNA regimes on the synoptic-scale features of major (two standard deviation) 24-h cool-season Northeast precipitation events.
Composite analyses of the onset of all 30 major 24-h cool-season Northeast precipitation events occurring during positive NAO regimes (Table 3) NAO regimes, four of the events are found to occur during negative PNA regimes, with one event occurring during a positive PNA regime. Five of the 30 events (17%) are considered significant snow events (Table 3) , including the well-documented superstorm of 12-14 March 1993 (Caplan 1995; Huo et al. 1995; Uccellini et al. 1995; Bosart et al. 1996; Dickinson et al. 1997; Schultz et al. 1997 ) and the 19-21 January 1978 snowstorm (Kocin and Uccellini 2004, 484-492) .
At 500 hPa, a region of statistically significant negative height anomalies is centered near southern Greenland (Fig. 6a) . Farther south, a region of statistically significant positive height anomalies stretches across the western and central North Atlantic. The resulting low-over-high height dipole pattern yields a strong meridional height gradient near 50°N. Evidence of associated enhancement of the North Atlantic jet is seen in Fig. 6b , with 300-hPa winds in excess of 60 m s Ϫ1 located over eastern Canada. Implied quasigeostrophic (QG) forcing for ascent over the Northeast associated with the right-entrance region of this jet is supported by a 500-hPa upward motion maximum over the Northeast (Fig. 6b) . Implied advection of cyclonic absolute vorticity by the thermal wind (Fig. 6c ) is also consistent with the location of the upward motion maximum over the Northeast. A surface cyclone is located over the Northeast, approximately one-quarter wavelength downstream of a mid-and upper-level trough (Figs.  6a,b) . Significant low-level moisture transport from the North Atlantic is implied over Nova Scotia and extreme eastern New England by the collocation of a low-level jet (LLJ) exit region with PW values in excess of 15 mm (Fig. 6d) .
All 21 major 24-h cool-season Northeast precipitation events occurring during a negative NAO regime are shown in Table 4 . Three of these events also are found to occur during positive PNA regimes, and two are found to occur during negative PNA regimes. Seven events (33%), including the blizzard of 5-7 February 1978 (Kocin and Uccellini 2004, 494-503) , are found to be significant snow events.
The composite 500-hPa height pattern for a negative NAO precipitation event (Fig. 7a) (Figs. 7a,b) . The relatively short distance between the trough axis and downstream ridge axis is suggestive of strong differential cyclonic vorticity advection and indicates ample QG forcing for ascent over the Northeast. The implied QG forcing for ascent is supported by a region of 500-hPa upward motion centered over the Northeast (Fig. 7b) .
In contrast to the onset of positive NAO precipitation events, an upper-level jet streak is located over the southeast United States instead of eastern Canada at the onset of negative NAO precipitation events. This pattern places the left-exit region of a jet over the Northeast. The surface cyclone shown in Fig. 7c appears linked to stronger cyclonic vorticity advection by the thermal wind at the onset of negative NAO precipitation events compared with positive NAO precipitation events (Fig. 6c) . The downstream thermal ridge associated with negative NAO precipitation events (Fig. 7c) is also greater in amplitude relative to the thermal ridge associated with positive NAO precipitation events (Fig. 6c) . Another major difference between major cool-season Northeast precipitation events occurring during the two regimes is the location of the LLJ exit region farther westward over eastern New England at the onset of negative NAO events (cf. Figs.  7d and 6d ). This pattern suggests that Atlantic moisture transport into the Northeast is more significant during negative NAO events than positive NAO events.
Composite plots of all major 24-h cool-season Northeast precipitation events occurring during positive PNA regimes (Table 5 ) are shown in Fig. 8 . As noted above, three of these events also are found to occur during a negative NAO regime, including the blizzard of 5-7 February 1978 (Kocin and Uccellini 2004, 494-503) , and one during a positive NAO regime. Six of the major cool-season precipitation events occurring during a positive PNA regime (23%) are significant snow events.
Inspection of the composite analyses of these precipitation events suggests that positive PNA precipitation events resemble negative NAO precipitation events more closely than positive NAO precipitation events. Although the mid-and upper-level trough upstream of the Northeast is more amplified for positive PNA precipitation events (Figs. 8a,b) than negative NAO precipitation events (Figs. 7a,b) , a relatively highamplitude mid-and upper-level ridge is situated over eastern Canada in both events (Figs. 7a,b and 8a,b) . Additionally, a surface cyclone is located over the Northeast (Fig. 8c ), and an upper-level jet streak is situated over the southeast United States at the onset of positive PNA events, placing the left-exit region of a jet streak above the Northeast (Fig. 8b) . In contrast to negative NAO precipitation events, on the other hand, a right-entrance region of a jet streak over eastern Canada is also located over the Northeast (Fig. 8b) . As is the case for the onset of positive and negative NAO precipitation events, QG forcing for ascent over the Northeast, implied by cyclonic absolute vorticity advection by the thermal wind (Fig. 8c) , is accompanied by 500-hPa upward motion over the Northeast (Fig. 8b) . At lower levels, a jet exit region collocated with PW values exceeding 15 mm over northeastern New England and the Gulf of Maine implies strong moisture transport there (Fig. 8d) .
Composite analyses of the onset of all negative PNA major precipitation events (shown in Table 6 ) are displayed in Fig. 9 . As mentioned above, four of the precipitation events are also found to occur during positive NAO regimes, and two events are during the negative NAO regimes. Of the 27 major precipitation events, 7 are categorized as significant snow events (26%).
As is characteristic of a negative PNA regime, the mid-and upper-level height pattern (Figs. 9a,b) over North America and the North Atlantic is relatively zonal. A weak shortwave trough approaching the Northeast is embedded within a broader trough over Canada and the northern United States. As with the three other types of Northeast precipitation events, a ridge is located downstream of the Northeast over the western North Atlantic and eastern Canada (Figs.  9a,b) . This downstream ridge, however, is less amplified than for the other three types of Northeast precipitation events (Figs. 6a,b, 7a,b, and 8a,b) . The thermal ridge associated with the negative PNA events is also comparatively lower in amplitude (cf. Fig. 9c with Figs. 6c, 7c, and 8c). Two upper-level jet streaks are apparent at the onset of negative PNA precipitation events-one over the Missouri and lower Ohio Valleys and a second over eastern Canada (Fig. 9b) . Thus, like positive PNA precipitation events, a right-entrance region and a leftexit region of a jet are both located over the Northeast at the onset of negative PNA precipitation events (Fig.  9b) . A surface cyclone (Fig. 9c) and area of 500-hPa FIG. 7 . As in Fig. 6 , but for the onset of major 24-h cool-season Northeast precipitation events occurring during negative NAO regimes.
AUGUST 2008upward motion (Fig. 9b ) are positioned near a region of comparatively weak cyclonic vorticity advection by the thermal wind over the Northeast (Fig. 9c) . Finally, the most significant low-level moisture transport appears to remain offshore: the LLJ exit region is located primarily over the western North Atlantic rather than over the Northeast (Fig. 9d) .
Discussion
a. Statistical analysis interpretation
Results of a statistical analysis of cool-season Northeast precipitation for the period 1948-2003 indicate that PNA regimes influence cool-season Northeast precipitation amount and frequency more significantly than do NAO regimes, likely because the PNA domain is located upstream, rather than downstream, of the Northeast. The findings that cool-season Northeast precipitation is enhanced during negative PNA regimes and suppressed during positive PNA regimes ( Figs. 3 and 4 ; Table 2 ) are consistent with previous findings that the phase of the PNA pattern and precipitation in parts of the Northeast and Ohio Valley is negatively correlated (Leathers et al. 1991; Notaro et al. 2006) . Additionally, results indicating that light and moderate cool-season Northeast precipitation events are more likely during negative PNA regimes and less likely during positive PNA regimes compared to the overall cool-season climatology (Figs. 4e-h ) suggest that Northeast precipitation associated with frontal passages is more frequent or heavier during relatively zonal negative PNA regimes and less frequent or lighter during relatively meridional positive PNA regimes. These associations are supported by previous findings that Northeast frontal passages are relatively frequent during negative PNA phases and relatively infrequent during positive PNA phases (Notaro et al. 2006) .
Major cool-season Northeast precipitation events are found to occur slightly more frequently during positive NAO regimes and slightly less frequently during negative NAO regimes compared to climatology (Fig. 4a-d) . Additionally, a tendency is noted for the phase of the NAO to be positive during extreme cool-season Northeast precipitation events (Fig. 5) . These statistical relationships suggest that extreme cool-season Northeast precipitation occurring during the positive phase of the NAO may be enhanced by the ascending branch of an ageostrophic circulation associated with the entrance region of an anomalously strong North Atlantic jet.
The result that the positive NAO-negative PNA combination regime is the wettest cool-season regime for the Northeast is consistent with previous findings that frontal passages occur more frequently during a positive NAO-negative PNA pattern than any other regime (Notaro et al. 2006) . The finding that the negative NAO-positive PNA regime is the driest coolseason regime for the Northeast may be counterintuitive, given "conventional wisdom" holding that this large-scale pattern is the most favorable pattern for Northeast snowstorms. It is speculated, however, that if Northeast snowstorms are indeed more frequent during negative NAO-positive PNA regimes, it is primarily because any precipitation is more likely to fall as snow because of colder conditions associated with a negative NAO and a positive PNA pattern (e.g., Notaro et al. 2006) .
Although cool-season Northeast precipitation anomalies associated with individual PNA regimes are found to be statistically significant, the magnitudes of all precipitation anomalies associated with the largescale regimes examined in this study are relatively small. This result may be explained as follows. First, the factors influencing cool-season precipitation vary across the Northeast. Lake-effect precipitation has a substantial influence on total cool-season precipitation in regions close to the Great Lakes, and is likely a major reason that moderate precipitation events tend to occur more frequently across northwest sections of the Northeast compared to southeastern sections (Wagner 2006) . Additionally, the influence of the PNA pattern on coolseason precipitation is found to increase westward from the Northeast to the Ohio Valley (e.g., Leathers et al. 1991) , whereas the influence of the NAO on coolseason precipitation is found to increase southeastward from the Northeast to the western Atlantic (Hurrell 1995) . The second possible reason that cool-season precipitation anomalies associated with large-scale regimes are found to be relatively small is related to the strong modulation of cool-season precipitation by the storm track, which suggests that even small storm-track variations may produce dramatically different precipitation distributions. For example, analyses of the 25 January 2000 "surprise" East Coast snowstorm (e.g., Langland et al. 2002; Zhang et al. 2002) demonstrate that a slight FIG. 8 . As in Fig. 6 , but for the onset of major 24-h cool-season Northeast precipitation events occurring during positive PNA regimes.
AUGUST 2008shift in the actual surface cyclone track relative to the model-forecast surface cyclone tracks can result in unanticipated, widespread heavy snowfall. Third, the spatial distribution and intensity of precipitation during cool-season precipitation events are often strongly influenced by mesoscale features, such as gravity waves and banding associated with frontogenesis (e.g., Bosart et al. 1998; Roebber and Bosart 1998; Nicosia and Grumm 1999; Novak et al. 2004 Novak et al. , 2006 , which tend to correlate poorly with the large-scale flow pattern. Finally, when relationships do exist between mesoscale precipitation and large-scale regimes, they may act in opposition to the large-scale regime-synoptic-scale precipitation relationships that presumably are responsible for the coherence of the statistical large-scale regime/ cool-season precipitation relationships documented in this and other studies. A prime example of a mesoscale precipitation-large-scale regime relationship is the tendency for lake-effect snow to be enhanced over the Northeast when a relatively cold and otherwise dry negative NAO-positive PNA pattern is in place (Notaro et al. 2006) . A significant difference between the present study and many past studies on the statistical relationships between the NAO and PNA pattern and cool-season precipitation (e.g., Leathers et al. 1991; Hurrell 1995; Serreze et al. 1998; Coleman and Rogers 2003) is our use of daily, rather than monthly, teleconnection index values to identify NAO and PNA regimes. Despite this difference in methodology, the relationships between cool-season NAO and PNA regimes and Northeast precipitation presented in our study are consistent with those documented elsewhere. The consistency of the results of the present study with those of previous studies suggests that the relationships between NAO and PNA regimes and cool-season Northeast precipitation documented in the present study are valid on both synoptic and intraseasonal time scales.
b. Composite analysis interpretation
The coherence of the synoptic-scale patterns shown in the composite analyses of major cool-season Northeast precipitation events (Figs. 6-9) is noteworthy given that the selection criteria for events in the composite analyses do not include the stipulation that any distinct synoptic-scale feature, such as a surface cyclone, be present. Schematics of the synoptic-and large-scale patterns associated with the onset of major cool-season Northeast precipitation events during various regimes (Fig. 10) reveal that a surface cyclone over the Northeast, flanked by an upstream trough over the Ohio Valley and a downstream ridge over eastern Canada at 500 hPa, is a signature of all four types of major cool-season Northeast precipitation events. Upper-and lower-level jets in the vicinity of the Northeast are also found to be signatures of major cool-season Northeast precipitation events.
The overall synoptic pattern associated with major cool-season Northeast precipitation events found in this study corroborates results of other observational studies. Sisson and Gyakum (2004) noted that an upstream 500-hPa trough, surface cyclone, and downstream 500-hPa ridge tend to be observed during heavy cool-season precipitation events in the Northeast, and Sanders and Davis (1988) and Bell and Bosart (1989) identified a similar flow pattern associated with Atlantic coastal cyclogenesis events.
Although some similarities exist between major coolseason Northeast precipitation events occurring during the four large-scale regimes examined in this study, the synoptic signatures of major cool-season Northeast precipitation events are found to be strongly dependent upon the governing large-scale flow. Negative NAO and positive PNA major precipitation events tend to be accompanied by a highly amplified trough-ridge pattern (Figs. 10b,c) . In contrast, during positive NAO and negative PNA precipitation events, the amplitude of the trough-ridge pattern is moderate and low, respectively (Figs. 10a,d ). The highly amplified flow accompanying major cool-season Northeast precipitation events during negative NAO and positive PNA regimes suggests that forcing for ascent during these events may be primarily attributed to strong differential cyclonic vorticity advection rather than a relative maximum of warm-air advection over the Northeast. Conversely, the less amplified flow associated with major cool-season Northeast precipitation events during positive NAO and negative PNA regimes suggests that forcing for ascent during such events may be primarily attributed to a relative maximum of warm-air advection rather than to strong differential cyclonic vorticity advection over the Northeast.
The upper-level jet structure associated with major cool-season Northeast precipitation events, and thus, the potential role of ageostrophic circulations associated with jet entrance and exit regions, is found to vary with the governing large-scale flow regime. During FIG. 9 . As in Fig. 6 , but for the onset of major 24-h cool-season Northeast precipitation events occurring during negative PNA regimes.
AUGUST 2008positive and negative PNA major precipitation events (Fig. 10c,d ), both the right-entrance and left-exit regions of the jets tend to be located over the Northeast, suggesting that upward motion over the Northeast during these events may be enhanced by ascending branches of both thermally direct and thermally indirect circulations. This lateral upper-level jet coupling has been identified as a common signature of major Northeast snowstorms (Uccellini and Kocin 1987) , as well as oceanic cyclones occurring near the eastern U.S. coast (e.g., Rogers and Bosart 1991) . During positive NAO major precipitation events, only the right-entrance region of a jet tends to be positioned over the Northeast (Fig. 10a) , implying that the ascending branch of a thermally direct ageostrophic circulation enhances upward motion over the Northeast during these precipitation events. It is interesting to note that, although shearing deformation associated with a strong North Atlantic jet may sometimes mitigate cyclone activity and associated heavy precipitation in the Northeast, the presence of a strong North Atlantic jet can favor Northeast cyclone activity and precipitation as long as the jet is positioned such that its rightentrance region is in close proximity to the Northeast. In contrast to positive NAO events, the signature of a left-exit region of a jet over the Northeast during negative NAO precipitation events (Fig. 10b) implies that the ascending branch of a thermally indirect ageostrophic circulation enhances upward motion during these events.
Different PW axis and LLJ orientations are found for major cool-season Northeast precipitation events occurring during different large-scale regimes. During negative NAO and positive PNA precipitation events, the PW axis and LLJ bend toward the Northeast from the western North Atlantic (Figs. 10b,c) , whereas during positive NAO and negative PNA regimes, the PW axis and LLJ are oriented more offshore (Figs. 10a,d) . Thus, more substantial meridional moisture transport into the Northeast is implied by the orientation of the PW axis and LLJ during negative NAO and positive PNA precipitation events than during positive NAO and negative PNA precipitation events.
Although the synoptic portion of this study focuses only on the onset of major cool-season Northeast precipitation events, it is possible to infer differences in tracks and moisture sources of the associated surface cyclones leading up to the major cool-season Northeast precipitation events. The relatively zonal large-scale flow pattern associated with the onset of positive NAO and negative PNA major precipitation events (Figs. 10a, d) suggests that associated surface cyclones would originate from the west or southwest over the Great Lakes or Tennessee Valley regions and track eastward or northeastward toward the Northeast. Support for a generally west-to-east cyclone track is lent by studies indicating that cyclones impacting the Great Lakes tend to exhibit an eastward or northeastward track during the negative phase of the PNA pattern (Rodionov 1994; Isard et al. 2000) . Such a cyclone track implies that the primary moisture sources for surface cyclones producing major cool-season Northeast precipitation events during positive NAO and negative PNA regimes initially would be the Gulf of Mexico and the Great Lakes.
In contrast, the relatively meridional large-scale flow associated with the onset of negative NAO and positive PNA major precipitation events (Figs. 10b,c) suggests that the associated surface cyclones would either originate from Canada and exhibit a southeastward track [an "Alberta clipper" track; e.g., Thomas and Martin (2007) ], or originate farther south over the southeastern United States and exhibit a northward or northeastward track. Studies have indicated that cyclones impacting the Great Lakes during the positive phases of the PNA tend to be Alberta clipper-type cyclones (Rodionov 1994; Isard et al. 2000) . The propensity for intrusions of cold, dry air over the eastern United States during negative NAO and positive PNA patterns (e.g., Leathers et al. 1991; Notaro et al. 2006) would likely rule out the Gulf of Mexico as an important moisture source for surface cyclones producing major coolseason Northeast precipitation events during negative NAO and positive PNA regimes. Instead, the Great Lakes would likely provide the primary initial moisture source to cyclones tracking southeastward from Canada toward the Northeast, whereas the western Atlantic would likely be the primary moisture source for cyclones tracking north or northeastward from the southeastern United States toward the Northeast.
Summary
The present study investigates the influence of recurrent large-scale flow regimes on cool-season Northeast precipitation from statistical and synoptic perspectives. NAO and PNA regimes occurring between 1948 and 2003 are objectively identified using daily NAO and PNA index time series created from twice-daily NCEP-NCAR reanalysis 500-hPa geopotential height grids. Cool-season (November-April) Northeast precipitation during NAO and PNA regimes is analyzed using data obtained from the NCEP Unified Precipitation Dataset, and synoptic patterns of major (two standard deviation) 24-h cool-season Northeast precipitation events occurring during the regimes are examined using composite analyses generated from the NCEP-NCAR reanalysis.
Results of the statistical analysis reveal that positive and negative PNA regimes are associated with statistically significant cool-season Northeast precipitation anomalies, whereas positive and negative NAO regimes are not. Negative PNA regimes are associated with above-average cool-season Northeast precipitation and an increased frequency of light and moderate cool-season precipitation events. Conversely, positive PNA regimes are associated with below-average coolseason Northeast precipitation and a decreased frequency of light and moderate cool-season precipitation events. A tendency for the phases of the NAO and the PNA patterns to be positive during extreme coolseason Northeast precipitation events is also noted.
The synoptic analysis of the onset of major 24-h coolseason Northeast precipitation events during the four types of individual large-scale flow regimes indicates that major Northeast precipitation events generally are characterized by (i) a surface cyclone flanked by an upstream trough over the Ohio Valley and downstream ridge over eastern Canada, (ii) one or more distinct upper-level jet streaks in close proximity to the Northeast, and (iii) implied moisture transport associated with a distinct LLJ. Differences in major cool-season Northeast precipitation events identified in this study include (i) a more amplified upstream ridge and downstream trough associated with negative NAO and positive PNA major precipitation events, (ii) a signal of lateral jet coupling during negative and positive PNA major precipitation events only, and (iii) greater Atlantic moisture transport into the Northeast implied by an AUGUST 2008 LLJ with a stronger onshore component during negative NAO and positive PNA major precipitation events.
